Spin precession was nonthermally induced by an ultrashort laser pulse in orthoferrite DyFeO 3 with a pump-probe technique. Both circularly and linearly polarized pulses led to spin precessions; these phenomena are interpreted as the inverse Faraday effect and the inverse Cotton-Mouton effect, respectively. For both cases, the same mode of spin precession was excited; the precession frequencies and polarization were the same, but the phases of oscillations were different. We have shown theoretically and experimentally that the analysis of phases can distinguish between these two mechanisms. We have demonstrated experimentally that in the visible region, the inverse Faraday effect was dominant, whereas the inverse Cotton-Mouton effect became relatively prominent in the near-infrared region.
I. INTRODUCTION
Magnetization switching triggered by femtosecond laser pulses has been studied in recent years. Ultrafast demagnetization in ferromagnetic metals and semiconductors has also been reported.
1,2 These phenomena show thermal magnetic switching with light pulses on picosecond time scales. 3 However, heat-assisted spin reorientation is relatively slow because of the thermal diffusion time.
A light pulse with a certain polarization nonthermally modifies the electron spin state.
4,5
Recently, it has been reported that spin precession is induced by a circularly polarized pulse in antiferromagnetic (AFM) DyFeO 3 with weak ferromagnetic (FM) moment. 6 The phase of spin precession changes by 180
• on reversal of the pump helicity. The interpretation of this phenomenon is that an effective magnetic field pulse parallel to the pump wave vector is induced by the circularly polarized light pulse, giving rise to the precession. The magnetic field generation effect is referred to as the inverse Faraday effect (IFE). The same effect has also been observed even in pure AFM NiO with no net magnetic moment in the ground state. 7 The resonance frequencies of AFM materials reach the terahertz range, which is several orders of magnitude higher than that of FM materials. For that reason, AFM materials attract much attention in the context of ultrafast spin control. [7] [8] [9] [10] [11] [12] [13] [14] [15] Spin precession is also observed with a linearly polarized pump pulse, in particular, a pulse polarized in a direction non-parallel to the crystal axes. This phenomenon is called the inverse CottonMouton effect (ICME). 16, 17 A detailed review of these phenomena can be found in Ref. 18 .
The ultrafast IFE and ICME are interpreted as impulsive stimulated Raman scattering (ISRS). [19] [20] [21] An electron in the ground state is excited by the pump pulse into a virtual state, which changes the orbital momentum of the electron. The nonzero orbital momentum flips the electron spin with spin-orbit coupling in the virtual state. The excited electron radiates a photon and transits to the final state. The energy gap between the final and ground states corresponds to the spin precession energy.
ISRS is a modulation of the dielectric permittivity by the pump pulse and should be dependent on the properties of the pulse, such as its polarization, wavelength, and fluence.
Therefore, examining the dependence of the photoinduced spin precession on these properties will help us to understand the ISRS mechanism. In particular, it is not obvious how the pump photon energy influences spin precession. An action spectrum of photoinduced spin precession should indicate the relation between the optical excited state and the spin precession via ISRS.
In the majority of previous publications, the excitation of spin oscillations by ultrashort laser pulses was associated with IFE and ICME separately. In the present work, we report spin precession induced via ISRS as functions of the pump pulse polarization and wavelength.
We found that both effects, IFE and ICME are working in the same way, exciting the same mode of spin precession. The phases of the spin precession via IFE and ICME differ by 90
• , allowing the two effects to be distinguished. We found an essential dependence of the phase on the pump wavelength and demonstrated that the IFE and ICME are dominating effects in different spectral regions, in the visible region and in the near-infrared region, respectively. Thus, the analysis of the phase difference of the spin precession reveals the mechanism of ISRS.
II. PHYSICAL PROPERTIES
A. Crystallographic and magnetic properties DyFeO 3 is a rare-earth orthoferrite and crystallizes in an orthorhombic structure D
2h
(P bnm). 22 Spins of the Dy 3+ ions are not ordered above 4 K. Four Fe 3+ ions occupy positions (1/2, 0, 0), (1/2, 0, 1/2), (0, 1/2, 1/2), and (0, 1/2, 0) in the unit cell. In the exchange approximation, the arrangement of their magnetic moments,
to one of the four patterns G i :
DyFeO 3 crystal has the spin arrangement Γ 4 (G x A y F z ) and belongs to the magnetic point group m ′ m ′ m above the Morin point and below the Néel temperature, at 37 K < T < T N = 645 K. [23] [24] [25] [26] [27] Because of the superexchange interaction, the spins are almost completely arranged antiferromagnetically along the x-axis. Due to the Dzyaloshinskii-Moriya interaction, all spins tilt by about 0. 
The dynamics of M (t) and L(t) is described by Landau-Lifshitz equations 26,31,32
where γ = gµ B / (> 0) is the gyromagnetic constant, µ B is the modulus of the Bohr magneton, g is the gyromagnetic ratio, g ≈ 2 for orthoferrites, and H eff and h eff are the effective magnetic fields. Using the magnetic energy of an orthoferrite, the effective fields are denoted as H eff = −∂H/∂M and h eff = −∂H/∂L, where the Hamiltonian is given by
The last term describes the Dzyaloshinskii-Moriya interaction and d is parallel to the y-axis.
Equations (2), (3), linearized above the ground state determined by the energy (4), yield eigenmodes of oscillations of the vectors M (t) and L(t). These spin precession modes for the Γ 4 ground state with the equilibrium values of M z = 0 and L x = 0 (see Fig. 1 (a)) are described as follows with as following:
whereẑ andx are unit vectors parallel to the z-axis and x-axis, respectively, and the variables m(t) and l (t) correspond to two eigenfrequency modes, as shown in Fig. 1(b) and (c). The components m x , m y and l z oscillate at the quasi-ferromagnetic resonance (F-mode) with the angular frequency ω F . On the other hand, l x , l y , and m z oscillate at the quasiantiferromagnetic resonance (AF-mode) with the angular frequency ω AF . 30 Those resonance frequencies are given by [33] [34] [35] 
where 
38-40
C. Interaction of the light pulse and the medium
The interaction of the magnetic medium and transmitting light is described by the dielectric permittivity tensor ε ij . 41, 42 
where ε (0) ij is a magnetization-independent term having a symmetric part only. By taking into account the symmetry of orthoferrite, the terms in the first line (except the ε (0) ij ) represent the antisymmetric part of ε ij , and the terms in the second line describe the spin-dependent symmetric part of the permittivity tensor. The symmetry of the fourth rank tensors a ijkl , b ijkl , and c ijkl is determined by the magnetic and crystal point groups, and f ijk and g ijk are the third rank tensors, antisymmetric over the first pair of indices, e.g., f ijk = −f jik . Tensors c ijkl and g ijk originate from the Dzyaloshinskii-Moriya interaction. The Hamiltonian of the interaction between the light pulse and the medium in SI unit is
where E i (t) is the time-dependent amplitude of the light in the pulse. A circularly polarized pulse propagating along the z-axis can be described in the form (E x (t), E y (t)) =
where the ± indicate the opposite senses of helicity. A linearly polarized pulse with the polarization inclined on at an angle θ with respect to the x-axis can be described in the form (E x (t), E y (t)) = E(t)(cos θ, sin θ). Then a straightforward calculation gives the Hamiltonian of the interaction with the medium of the form
for circularly and linearly polarized pulses, respectively. Nonzero components of the tensors ε s ij and ε a ij are listed in Table I .
43,44
When a pulse is incident on a medium, the interaction between the pulse and the medium is given by Eqs. (10)- (12) . The incident pump pulse generates effective pulsed fields H eff = −∂H int /∂M and h eff = −∂H int /∂L. Both effective fields are proportional to the intensity of the light, E(t)E * (t). If the pulse duration ∆ is much shorter than the period of spin oscillations, ∆ ≪ 1/ω F , 1/ω AF , the real pulse shape can be replaced by the Dirac delta function, E(t)E * (t) → I 0 δ(t), where I 0 = E(t)E * (t)dt is the integrated pulse intensity. The light-induced effective fields H eff and h eff can be regarded as being proportional to the delta function δ(t) as well. For a light pulse propagating along the z-axis, H eff and h eff generated by a circularly polarized pulse are
respectively. The phenomenon of generating these effective magnetic fields is known as IFE.
For a magnetic field pulse of a short duration, the action of the light-induced effective fields within the delta-function approximation can be described as an instantaneous deviation of 
respectively. After vanishing of the pulsed effective field, the spins precess around the effective fields corresponding to their equilibrium directions following the Landau-Lifshitz equations, based on the Hamiltonian (4). Thus the action of the pulse can be regarded as a creation of some (non-equilibrium) initial conditions for the Landau-Lifshitz equations. The deviation of the FM and AFM vectors induced by the circularly polarized pulse is described
Here, M is not affected by the effective field directly, whereas l y of L(t) takes nonzero deviations. The resonance mode with l y = 0 is AF-mode. In Fig Fig. 1(c) ).
Similarly, effective magnetic fields induced by a linearly polarized pulse are
These effective magnetic fields are induced via ICME. The deviations of the FM and AFM vectors created by the effective field are
Here, the components m z of M and l x , l y of L are affected by the effective field. This precession mode is also an AF-mode, but the initial direction of the spin deviation differs from that for the circularly polarized pulse case.
A pulse propagating along the x-or y-axis should trigger the spin precession with both Fand AF-modes. The amplitude and the phase of the precession depends on the polarization of the pulse.
III. EXPERIMENTAL RESULTS

A. Experimental setup
We studied photoinduced spin precession in DyFeO 3 using a pump-probe magneto-optical technique, as shown in Fig. 2 . DyFeO 3 single crystals were grown by the floating-zone method, and the orientation of the faces were determined by back-reflection x-ray Laue photographs. 27 Faces with a width of few millimeters were mechanically polished. The The fluence of the pump pulse was varied from 15 to 130 mJ/cm 2 , depending on the wavelength. The pump pulses were focused on the sample to spot sizes of 50-100 µm. The probe pulses were linearly polarized and had a pulse fluence of 1 mJ/cm 2 . The probe beam was vertically incident on the surface of the sample, whereas the pump beam was incident at the angle of 7
• . The transmitted probe pulse was divided into two orthogonally polarized pulses by a Wollaston prism, and each pulse was detected with a Si photodiode. The ratio of the signals from the detectors allowed us to determine the angle of the probe polarization.
B. Dependence of the polarization rotation on the pump pulse polarization Figure 4 illustrates the polarization of the propagating pulses in the medium with birefringence. For the sake of simplicity, we will discuss the picture of the light propagation without taking the Faraday effect into account. Pulses with circular polarization or linear polarization nonparallel to the crystal axis are transformed, whereas pulses with linear polarization parallel to the crystal axis, corresponding to the normal modes of light in the media, are not. Thus, for the pulses with general linear polarization or pulses with circular polarization, the real and imaginary parts of E x E y , which are responsible for the terms in Eqs. (13)- (20) including sin 2θ, and f xyz and g xyx , respectively, will oscillate in space along the pulse propagation direction, while they remain uniform only for pulses linearly polarized parallel to the crystalline axis. Therefore, the effective magnetic field and spin precession generated by IFE and ICME will be different at different positions in the sample. In order to identify the effect giving rise to the polarization rotation as observed in Fig. 5, we set σ ± for the pump polarization and L5 and L6 for the probe polarization. For L5 and L6, the Faraday effect leads to rotation of the probe polarization in the same direction for both probe polarizations, whereas the Cotton-Mouton effect leads to rotation in the opposite direction. Therefore, the dominance of the rotation of the probe polarization can be distinguished. Figure 6 shows that the polarization rotations of two probe pulses with polarizations L5 and L6 oscillated in the same direction. This indicates that the contribution of the Faraday effect is dominant and that of the Cotton-Mouton effect is negligible for the probe wavelength of 800 nm. This is consistent with the fact that IFE is dominant for the pump wavelength of 800 nm (see below).
D. Dependence of the polarization rotation on the pump wavelength
The oscillation of the probe polarization originates from spin precession. Therefore, the phase of the oscillation indicates the direction of an effective magnetic field induced by the pump beam. The dependence of the effective magnetic field and reorientation of magnetization on the pump wavelength gives information about the interaction of the light pulse and the magnetic medium.
An experiment was performed with four types of pump polarizations, σ ± , L1, and L2.
The differences between the oscillations for σ + and σ − and between those for L1 and L2 were measured. Figure 7 (a) shows the initial phase ξ of the oscillation of the probe polarization versus pump wavelength. The oscillation is described by θ(t) = A sin(ωt + ξ) at t > 0, where A is the amplitude, ω is the angular frequency, and ξ is the initial phase. The initial phase was close to 0 • (or ±180 • ), when the pump wavelength was 800 nm. This is consistent with Ref. 45 .
When the pump wavelength was between 1000 nm and 1100 nm, the initial phase was closer to ±90
• . When the pump wavelength was above 1200 nm, the initial phase was between 0
• and 90
• . By comparing two samples with thicknesses of 140 µm and 170 µm, it was confirmed that the sample thickness does not affect the phase shift (data not shown). was not simply proportional to the magnitude of the generated magnetic field. However, when the pump wavelength was from 700 nm ( 6 A 1 → 4 T 2 ) to 1000 nm ( 6 A 1 → 4 T 1 ), the amplitude was larger than that of the other region in Fig. 7 (a) . This result suggests that the photoinduced spin precession is related to the electron transition.
E. Pump-probe measurement in (100) and (010) oriented crystals
To determine all dielectric permittivities, we performed pump-probe measurements in (100) and (010) oriented crystals. The pump wavelength was 750 nm, and the crystal thickness in both cases was 100 µm. However, in contrast to the previous experiments, 6 oscillation of the polarization of neither F-nor AF-modes was observed in either propagation direction.
F. The dependence of polarization rotation on temperature
It is well known that magnon frequencies in orthoferrites strongly depend on the temperature. 6, 31, 35, 46 We measured the temperature dependence of the spin precession properties in DyFeO 3 . The frequencies of the oscillations for pump wavelengths of 750 nm and 1200 nm are shown in Fig. 8 (a) , in comparison with previously reported spin precession.
31
Our data show excellent agreement with Refs. 6 and 31, regardless of the pump wavelength.
The frequency decreases with approaching the Morin point T r = 37 K because of magnon softening associated with the spin reorientation. 31, 35, 46 The temperature dependence of the initial phase ξ of the spin precession for pump wavelength of 750 nm is shown in Fig. 8 (b). The initial phase was close to 0 • or 180
• with a jump at T =150 K. It is worth to note that at this temperature the frequencies of F-mode and AF-mode become equal, that is
Furthermore, the energies of two domain walls with the spin rotation in (010) and (001) planes become equal at this point, which leads to the reconstruction of domain walls. 47 However, we were not able to find the relation between the properties described above and the initial phase shift.
IV. DISCUSSION
A. Landau-Lifshitz equations
According to the results of the previous section, the number of essential dielectric permittivity components can be reduced. First, we found that pump-probe measurement in (100) and (010) Fig. 5 . Polarizations L3 and L4 had only electric field components E x and E y , respectively. Therefore, the terms containing cos 2 θ and sin 2 θ in Eqs. (17), (18) and (20) were also negligible.
Moreover, it has been reported that f xyz M z and g xyx L x are of the same order of magnitude for orthoferrites. 48 In contrast to that, for the AF-mode the ratio of m z and l x is |m z /l x | = |L x /M z | ≃ 100. Thus, f xyz m z ≫ g xyx l x , and one can ignore the term g xyx l x . In addition, Fig. 6 indicates that the observed oscillation of the polarization was dominated by the imaginary part of the dielectric permittivity ε
, the phase of m z corresponds mostly to that of ε a xy and that of the oscillation of the polarization.
These findings simplify the dielectric permittivity tensor. In Table I , the tensor elements in the AF-mode column are proportional to l x and negligible, except for ε s xy = (b xyxy L x + c xyzy M z )l y and ε a xy = if xyz m z . Here we suppose that a pulse is incident on a (001) oriented crystal. We can simplify the effective magnetic field and the dynamics of the magnetization induced by the circular polarization:
In the case of the linear polarization one in turn obtains:
The second terms are much smaller than the first ones in Eqs. (26), (27) and (28), respectively. As a result, IFE and ICME are induced by the contributions of ε a xy and ε s xy , respectively. Equation (24) indicates that the circular polarization causes the AFM component l y and rotation torque of the AF-mode. On the other hand, the FM component does not change in Eq. (23) . As a result, IFE leads to oscillations proportional to sin ω AF t. On the other hand, Eqs. (27) and (28) indicate that linear polarization causes components m z and l x . As shown in Fig. 1 , m z and l x have the same phase, so ICME leads to oscillations proportional to cos ω AF t. Therefore, the initial phases of m z excited by IFE and ICME differ by 90
• .
Because the phase of m z is nearly equal to that of the oscillation of the polarization, we can estimate the phase of spin precession from the result in Fig. 7 . Since the polarization of the pump pulse is transformed by birefringence, the effective magnetic field and spin precession differ at different positions in the medium, as shown in Fig. 4 . However, if one of IFE and ICME is dominant and the other is negligible, the time dependence of m z and the oscillation of the probe polarization are proportional to sin ω AF t or cos ω AF t, respectively. The so-called inertial mechanism has been proposed for canted antiferromagnets and has been realized experimentally for holmium orthoferrite. 11 Within the sigma-model approach, the inertial mechanism is associated with an action of the laser-induced pulse of the magnetic field on the vector L as a pulse of force on the massive particle. In this mechanism, the laser pulse creates an initial value of the time derivative, dL/dt, that in principle can lead to quite large deviations of the vector L after the action of the pulse. In the alternative mechanism, the time derivative of the effective magnetic field plays a role of the driving force, leading to an initial deviation of the vector L from its equilibrium direction. 7, 49 For this field-derivative mechanism, the amplitudes of spin deviations are expected to be smaller than for inertial mechanism, but can be realized for any antiferromagnet, even a purely compensated one.
The latter mechanism has beed observed experimentally in AFM nickel oxide, where the Dzyaloshinskii-Moriya interaction is forbidden by symmetry. 7 It is interesting to understand which mechanism is responsible for the spin oscillations observed in the present work.
The Lagrangian density of the sigma model can be written as follows:
where H is the effective magnetic field and W a (L) is the effective anisotropy energy that includes L-dependent terms from the Hamiltonian (4) 
where L = |L|. Within the sigma-model approximation, the length of the vector L should
z )/4M 0 and the two components, l y and l z can be considered as independent variables. It is in line with our experimental observation that the component l x is completely negligible. The effective anisotropy energy can be taken in the form
where the additive constant is omitted. Free oscillations of the two components at H = 0 correspond to two independent magnon modes (F-and AF-modes), described by the following equations
Now let us discuss the excitations of the modes by light pulses. The interaction of the spin system with the light is described by the Hamiltonian (10), that for the specific case of circularly or linearly polarized light reads as (11) or (12), respectively. Within the sigma-model approach, for different polarizations the interaction terms enter different parts of the Lagrangian (29): the circularly polarized light contributes to the effective field H = H eff,σ ± , whereas the effect of the linearly polarized light is described by the timedependent contribution
to the effective anisotropy energy W a (L). Among all these contributions to the Lagrangian, we need to find terms linear on l y and l z , which produce the "driving force", i.e., lead to a non-zero right-hand side in the equations of motion (32) .
The light-induced effective field is directed along z-axis, and it is easy to see that the
gives no "driving force" contributions for both modes. The gyroscopic term with dl /dt provides such a term for y-component of the vector l , proportional to
the ground state), the IFE can excite the AF-mode only. In the discussion presented above, the only part proportional to b xyxy L x l y gives an essential contribution to δW a (L, t). Using these relations, one can find that all the terms do not affect the equation for l z (F-mode), whereas the equation for l y describing the AF-mode acquires nonzero right-hand side and
where h lin y = −∂δW a (L, t)/∂l y is the effective field. Then, after the delta function substitution E(t)E * (t) → I 0 δ(t), we arrive at the following initial conditions for this equation
where I We conclude that it is difficult to realize the inertial mechanism of the field pulse action in the majority of orthoferrites at high temperatures where the same Γ 4 -phase is present.
The inertial mechanism has been observed for a special phase of holmium orthoferrite where the vector L is not collinear with the symmetry axis. 11 On the other hand, for the present experiment the ICME leads to inertial mechanism of the spin excitations.
After the action of the pulse, only free spin oscillations persist in the system. They are described by the solution
where the amplitude a and the phase ξ are determined by the initial conditions (36) as follows:
Finally, we arrive at the previous result: if one of the two mechanisms, IFE or ICME, is dominating, the the phase of the m z oscillations takes the values ξ = 0, π or ξ = ±π/2, respectively. Thus, the observed time dependence of the Faraday rotation oscillations is proportional to sin ω AF t or cos ω AF t for the dominating role of IFE or ICME, respectively.
If none of the mechanisms is truly dominating, then the observed phase should take an intermediate value given by Eq. (40).
It is worth to note that the condition for domination of a certain effect does not translate into a plain comparison of the effective constant values f xyz and 2M 0 b xyxy for IFE and ICME, respectively. The point is, the ICME contributes through the inertial mechanism that is much more effective than the field-derivative mechanism involved in the action of IFE. In our calculation, this leads to appearance of the large multiplier
where γH ex ≈ 20 THz, H ex = 2AM 0 ≃ 600 T is the exchange field of orthoferrite, 22 in the contribution of ICME, see Eq. (40) . Therefore the domination of IFE, for the same value of the pulse fluence, needs at least 50 times higher value of the corresponding constant, and the ratio f xyz /2M 0 b xyxy is expected to be large enough for orthoferrites. Thus, the above analysis gives us a possibility to estimate the values of constants responsible for different inverse magneto-optical effects, IFE and ICME.
C. Comparison between the theory and the experiment
In the previous discussion, based on the Landau-Lifshitz equations and the nonlinear sigma model, we came to the conclusion that the time dependence of m z induced via IFE and ICME is proportional to sin ω AF t and cos ω AF t, respectively. The phase of the oscillation is constant and m z is proportional to either sin ω AF t or cos ω AF t in some region of the pump wavelength in Fig. 7 (a) . When the pump pulse is in the visible region (<800 nm), the probe polarization and m z oscillate as sin ω AF t. This property is independent of temperature as shown in Fig. 8 (b) . On the other hand, when the pump pulse is in the near-infrared region (1000-1100 nm), the probe polarization and m z oscillate as cos ω AF t. Thus, we can conclude that the visible and near-infrared light pulses dominantly induce spin precession via IFE and ICME, respectively.
A number of reasons can be given for why the dominant effect varies with pump wavelength. IFE is induced by a pulse whose wavelength is near the transition 6 A 1 → 4 T 2 at 700 nm. On the other hand, ICME is induced by a pulse whose wavelength is near the transition 6 A 1 → 4 T 1 at 1000 nm. In addition, the Faraday rotation angle increases with decreasing wavelength in DyFeO 3 . 39, 40 This tendency agrees with the result for the IFE.
V. CONCLUSIONS
We have studied the dependence of photoinduced spin precession in DyFeO 3 on the wavelength and polarization of a pump pulse with a pump-probe magneto-optical technique.
The polarization rotation of the probe pulse was dependent on the pump polarization. Pulses propagating along the z-axis with both circular and linear polarizations induced an effective magnetic field (IFE and ICME) and spin precession. The dominant component of the dielectric permittivity in both effects was ε xy , and IFE and ICME were induced by its antisymmetric and symmetric parts ε a xy and ε s xy , respectively. The phase and amplitude of the spin precession were dependent on the pump wavelength in DyFeO 3 . A difference in the pump wavelength changes the dominant effect, giving rise to the spin precession. A visible pulse (wavelength <800 nm) induced the IFE, and the oscillation of the probe polarization was proportional to sin ω AF t. On the other hand, a near-infrared pulse (wavelength of 1000-1100 nm) induced the ICME dominantly, and the oscillation was proportional to cos ω AF t. When the pump wavelength was near the electron transition 6 A 1 → 4 T 2 at 700 nm and 6 A 1 → 4 T 1 at 1000 nm, the amplitude of the oscillation was larger than that of the other region.
The ratio of the effective magnetic fields via IFE and ICME, f xyz /2M 0 b xyxy , is expected to be large enough for orthoferrites. However, the ellipticity of spin precession with AFmode is also so large. Therefore, even though linearly polarized light pulse induces so weaker magnetic field than circularly polarized one, ICME can give the same order contribution as IFE. Temperature dependence of the initial spin precession phase for the pump wavelength of 750 nm.
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